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INTRODUCTION:

Carcinogenesis in the prostate is often accompanied by overexpression of the EGR1 transcriptional activator,
and reduced expression of its corepressor, NAB2 (Abdulkadir et al., 2001). This finding was recently reinforced
by a methylation analysis of prostate cancer samples, indicating that the NAB2 promoter is hypermethylated in
a majority of prostate cancers (Bastian et al., 2006). Our recent work has shown a novel interaction between
NAB2 and the NuRD chromatin remodeling complex. The overall hypothesis of this proposal is that reduced
expression of NAB2 in prostate cancer prevents NuRD recruitment to EGR1 target promoters, and thereby
alters the balance of EGR1 target gene subsets in favor of those promoting growth (i.e. growth factor genes).
To address this hypothesis, we have employed dominant negative mutants of CHD4 and NAB2 to determine
how they affect expression of endogenous EGR1 target genes in several prostate cancer cell lines. In addition,
Chromatin immunoprecipitation (ChIP) assays were used to detect NuRD recruitment (and consequent histone
deacetylation) in the presence and absence of NAB repression.

BODY:
Summary of Progress for each Task
1. Is the NuRD complex required for repression of endogenous EGR1 target genes by NAB2?

The purpose of this aim was to analyze the connection between NAB repression and the function of the
NuRD complex. Our initial work on NAB2/CHD4 interaction was published in the Journal of Biological
Chemistry (see appendix) (Srinivasan et al., 2006). The abstract of this work is as follows:

Early Growth Response (EGR) transactivators act as critical regulators of several physiological
processes, including peripheral nerve myelination and progression of prostate cancer. The NAB1 and NAB2
(NGFI-A/EGR1-binding) transcriptional corepressors directly interact with three EGR family members
(Egr1/NGFI-A/zif268, Egr2/Krox20, and Egr3) and repress activation of their target promoters. To understand
the molecular mechanisms underlying NAB repression, we found that EGR activity is modulated by at least two
repression domains within NAB2, one of which uniquely requires interaction with the CHD4 (Chromodomain
Helicase DNA-binding protein 4) subunit of the NuRD (Nucleosome Remodeling and Deacetylase) chromatin
remodeling complex. Both NAB proteins can bind either CHD3 or CHD4, indicating that the interaction is
conserved among these two protein families. Furthermore, we show that repression of the endogenous RAD
gene by NAB2 involves interaction with CHD4, and demonstrate colocalization of NAB2 and CHD4 on the RAD
promoter in myelinating Schwann cells. Finally, the interaction with CHD4 is regulated by alternative splicing of
the NAB2 mRNA.

The proposed studies of Task 1 were directed at extending this work to study of prostate gene
regulation to determine if NAB repression i i i
requires the NURD complex. We prepared Dominant Negative CHD4 reduces wild type levels
recombinant adenovirus using the AdEasy 1 2 M 3 4
system to express Egr2 and a dominant
negative version of CHD4, consisting of a

1. Uninfected

C-terminal fragment of CHD4 that Er&dggeno& o 2. AdGFP
interacts with NAB2, but nonetheless _ 3. AdCHD4A1-1280
lacks the ATPase domain that is required -~ (5/05 prep)

for NuRD activity. After infection of M12
metastatic subline of the P69SV40T 4. AdCHD4A1-1280
prostate epithelial cell line (Bae et al., CHD4 . (8/06 prep)
1998), we observed that expression of A1-1280 - : ‘.’
dominant negative CHD4 results in ) )
downregulation of the full length endogenous CHD4 protein Figure 1. The M12 prostate cell line was
(Figure 1). Based on our studies, we have concluded that infected with recombinant adenovirus
expression of the C-terminal fragment results in displacement | &XPressing GFP as control, or a dominant
C negative version of CHD4. Immunoblot
of endog_enous CHD4 from th_e NuRD comple_x, rer_u_jerlng it analysis was used to detect the levels of
more labile. As reported previously, our work identified endogenous and exogenous, truncated
several endogenous target genes that are deregulated by the forms of CHD4.
expression of both dominant negative NAB2 and dominant
negative CHD4 in the M12 line. These include not only a previously characterized target gene in prostate
cancer (e.g. IGF2, insulin-like growth factor 2), but also genes such as Rad and GDF15. RAD (Ras homolog in
diabetes) is a previously described EGR1 target gene in prostate cancer (Svaren et al., 2000), which affects
Rho-dependent cytoskeletal remodeling (Kelly, 2005). GDF15 (growth differentiation factor 15, also known as
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prostate-derived factor, PDF, NAG1, MIC1, and PLAB) is a member of the TGFf superfamily, and recent
profiling of microdissected tissue has linked GDF15 to prostate carcinogenesis (Cheung et al., 2004).

To further test the involvement of the NuRD 700
complex, we have used histone deacetylase inhibitors e
(Trichostatin A and valproic acid), to inhibit the activity of 600 -AdEgm +
the HDAC subunits of the NuRD complex. As reported s 500 AddnNab?2
previously, both inhibitors greatly enhance induction of the B 400
IGF2 and Rad genes by Egr1, consistent with the 2
involvement of histone deacetylases associated with the T 300
NuRD complex. However, TSA and valproic acid are £ 0
relatively broad spectrum histone deacetylase inhibitors, so 100
we also employed a more specific inhibitor of class |
HDACs, MS-275, which affects HDAC1, 2, and 3. In fact, 0 DMSO 1uM MS-275

this Com_pound is enftering clinical trials and we found very similar Figure 2. The M12 prostate cell line
results in derepression of EGR1 target genes with this agent. | \asincubated with the indicated
Interestingly, the induction of NAB2 by expression of dominant | adenoviruses expressing GFP as
negative NAB2 is not greatly affected by exposure to MS-275 (Figure | control, Egr1 and dominant negative
2), suggesting that the potentiating effect of MS-275 is directly related | NAB2. Infected cells were incubated
to NAB recruitment of the NuRD complex. Overall, these studies | inthe presence or absence of a
indicate a requirement for the NuRD complex in repression of | Selective HDAC inhibitor, MS-275.

endogenous EGR1 target genes. The level of IGF2 expression relative
to control cells was determined by

quantitative PCR.

2. Is CHDA4 recruited to EGR1 target promoters in a NAB-dependent
manner?

This task was directed towards determining if CHD4 and the NuURD complex is recruited to promoters in
a NAB-dependent manner. Part of this task involved developing methods to assay recruitment of NuRD
complex components of CHD4. We have successfully developed a chromatin immunoprecipitation assay for
CHD4 (Srinivasan et al., 2006), and we have also developed independent chromatin immunoprecipitation
assays for another NuRD subunit, MTA2. Use of this assay is also of interest given recent findings that MTA2
(metastastasis-associated protein) is correlated with ER-alpha expression in invasive breast tumors (Cui et al.,
2006). To perform chromatin immunoprecipitation assays, M12 cells were treated with 1% formaldehyde to
achieve crosslinking. Chromatin was then sonicated and immunoprecipitated with antibodies directed against
Egr1, MTAZ2 or IgG control. After reversing the crosslinks, purified DNA was analyzed by quantitative PCR
using primers designed to particular regions within the IGF2 locus. IGF2 is transcribed from four different
promoters. Promoters P3 and P4 have multiple EGR1 binding sites, and are also the most active promoters in
prostate (Svaren et al., 2000).

Figure 3 shows ChIP assays of the M12 prostate cell line that is infected with adenoviruses expressing
a) GFP as negative control, b) EGR1, or c)

EGR1 and dominant negative NAB2. These 0.8 IGF2P3 IGF2P4

studies first of all show that binding of MTA2 to -

the IGF2 P3 promoter is stimulated by EGR1 S 06 OigG-goat
expression, but this binding is reduced to 9 1 BVTA2
background levels in the presence of dominant £ 4

negative NAB2. Similar results are observed in

the P4 promoter of IGF2, although the effects 0.2 rLI

are more subtle. Control ChIP assays employing _r:- I'"I i

an EGR1 antibody show correlated increased 0 l—i

binding of EGR1 upon EGR1 overexpression, GFP Egr1 Egri+ GFP Egrl Egri+

but this level of EGR1 binding is relatively dnNab dnNab
unaffected by expression of dominant negative IGE2P3 IGE2P4

NAB2, as expected (data not shown). We have Figure 3. M12 cells were infected with the

observed qualitatively similar results with a CHD4 adenoviruses expressing the indicated proteins as
antibody (not shown), but our recent work has indicated | described previously. ChIP assays for the NuRD

that the MTA2 binding assay is more sensitive, and component, MTA2, were performed to detect binding at
therefore we have relied on this antibody in recent the P3 and P4 promoters of the IGF2 gene. Bar graph
studies. indicates percent recovery relative to total input.

We had planned to extend our analysis to



human prostate tissues using the same techniques. In initial pilot studies, we have successful performed ChIP
assays in mouse prostate tissues for Egr1. However, our work with human prostate samples unfortunately did
not give reproducible, significant binding of Egr1 over control assays. One potential issue is that Egr1 is
extremely labile, so the handling of the tissue after surgery may negatively impact our ability to detect Egr1

binding.
In addition to these experiments, we have also 0.3 [ 19G

performed serum stimulation on the M12 prostate cell - ] Nab2 ]

line, which results in induction of endogenous Egr1 o B CHD4

and NAB2. These ChIP experiments show not only g 0.2

induced binding of not only NAB2 and CHD4 (see S

figure), but also MTA2 (data not shown) to the P3 Y

promoter of the IGF2 gene. Similar results were ¥ 01

obtained using adenoviral-mediated expression of x

Egr1, which also gives rise to induced binding of both

MTA2 and CHD4 (data not shown). 0

Overall, our results indicate that NuRD . Serum

recruitment to several Egr1 target genes is dependent unstimulated Stimulated

on both Egr1 and NAB binding, consistent with the

overall model proposed for this project. Figure 4. The M12 prostate cell line was serum

starved for 24 hours, prior to stimulation with

; medium containing 10% serum for two hours.

g. Does reduced NAB2 expression alter the balance ChIP assays weregperformed to detect NAB2

etween different subsets of EGR1 target genes? and CHD4 binding at the P3 promoter of the
S . o IGF2 gene. The bar graph indicates percent
This aim is directed towards identifying if NAB2 alters the recovery relative to total input DNA.

balance of EGR1 target gene expression. In this
respect, we found that a number of previously
identified EGR1 target genes are not apparently
regulated by NAB protein expression. Interestingly,
many of these previously described EGR1 target
genes are growth inhibitory, (e.g. p53, p21, p73,
PTEN, fas ligand). Our data clearly indicate that a
class of Egr1 target genes is refractory to the loss of
NAB2 and its ability to target the NuRD complex.
Overall, these data very much indicate that loss of
NAB2 in the face of overexpressed EGR1 would shift
the subset of EGR1 target genes to a pro-growth
subset, including genes like IGF2.

In addition, our initial hypothesis suggested
that these screens would uncover NAB-activated
target genes, and our preliminary data indicated that
p57 might be a NAB-activated target gene. Although
we have not uncovered evidence of additional NAB-
activated target genes, we have been able to verify
that p57 is indeed increased by expression of both
dominant negative NAB2 and dominant negative
CHD4 in M12 cells. Moreover, ChIP assays have
demonstrated that Egr1 binds to the p57 promoter
suggesting that the effect of the NAB2/NuRD
complex are direct effects on the promoter itself
(Figure 6.)

These results are quite exciting in relation to a

Average fold induction

5 15 25 35 45

GFP W |GF2
L 00 PTEN
O p53
EGR1 B p21
DNNAB2
EGR1+ [
DNNab2

CHD4A1-1280

EGR1 +
CHD4A1-1280

Figure 5. The M12 prostate cell line was infected with the
recombinant adenoviruses expressing the indicated proteins,
and quantitative PCR was used to measure the changes in
expression of the indicated genes relative to untreated cells.

recent report demonstrating loss of p57Kip2 expression in prostate cancer (Jin et al., 2008). Moreover,
P57Kip2 overexpression in LnCaP cells causes decreased proliferation and invasiveness. Finally, prostate
explants from p57 knockout mice were shown to develop PIN and adenocarcinoma that closely resembles
human prostatic adenocarcinoma. Therefore, our work may indicate that loss of NAB2 and consequent loss of
CHD4 targeting may account for loss of p57Kip2 expression in human prostate cancer. In order to identify
other NAB-activated genes, we performed a candidate screen using the Applied Biosystems 1700 microarray



system. One of the more interesting ones is CXCL14, which

was recently shown to have growth inhibitory effects in 07
prostate cells (Schwarze et al., 2005). Overall, our data 06 P57 promoter ChIP assay
indicate that many growth inhibitory EGR1 target genes are '
either refractory to NAB/CHD4 regulation, or may be 05 W IgG-Rb
activated by it. Therefore, loss of NAB2/CHD4 does alter the ' U a-EGR1
balance of EGR1 target genes so that growth-promoting 2 04 B a-Nab2
genes such as IGF2 are disproportionately induced as a 3 B a-Mi2 (sc)
consequence of loss of NAB2 expression. We are currently & 03 | B 1gG-Goat
compiling a manuscript to describe these findings, and hope & B a-MTA2
to submit it to Cancer Research this summer. 02 |

Finally, another exciting finding in the last year was a '
publication in Cell (Bagchi et al., 2007), indicating that CHD5 o1
is an important tumor suppressor, particularly for ’
neuroblastoma. In the process of our work, we have found o .

many mechanistic parallels between CHDS function and

CHD4, providing important proof of principle experiments that the NuURD complex is an important tumor
suppressor pathway. Although CHD5 is not highly expressed in
prostate, our present results indicate that CHD3 and CHD4 largely Figure 6. ChIP assays in the M12 prostate
fulfill the analogous function in prostate cells. Therefore, these initial | line were performed to detect binding of
studies into activity and recruitment of the NuRD complex may Egrl, Nab2, Mi2 (CHD4), and MTAZ2 to
represent a very novel tumor suppressor pathway relevant to the endogenous p57 promoter. Bars
prostate cancer, although additional experiments will be need to be | indicate percent recovery in the ChIP
done to identify the therapeutic potential of this pathway. assays relative to total input DNA.

KEY RESEARCH ACCOMPLISHMENTS:

¢ Identification of novel NAB2-regulated endogenous target genes in prostate cancer cells

o Demonstration that these repression of NAB-regulated target genes require the NuRD chromatin
remodeling complex.

e The requirement of the NuRD complex in NAB-mediated repression is sensitive to histone deacetylase
inhibitors.

o Development of novel chromatin immunoprecipitation assays for the NURD complex in prostate cells to
demonstrate the colocalization of the NuRD complex on EGR1-regulated endogenous target genes.

¢ Recruitment of the NURD complex to EGR1 target genes is dependent on NAB2.
First functional description of one of the major HDAC-containing chromatin remodeling complexes in
prostate cancer cells.

o First analysis of the mechanism of NAB2 corepressor function in prostate cells

¢ Elucidating molecular consequences of loss of NAB2 corepressor function in prostate carcinogenesis.



REPORTABLE OUTCOMES:

See abstract for copies of the following

One manuscript has been published as a result of the work outlined above:

Srinivasan, R., Mager, G.M., Ward, R.M., Mayer, J., and Svaren, J. (2006) The NAB2 corepressor interacts
with the CHD4 subunit of the NURD complex, Journal of Biological Chemistry 281:15129-15137

Srinivasan, R., Ward R, Svaren J. The NAB2 corepressor targets the NURD chromatin remodeling complex
to EGR1 target genes in prostate. In: American Association for Cancer Research Annual Meeting:
Proceedings; 2007 Apr 14-18; Los Angeles, CA. AACR; 2007. Abstract nr 1611, _selected for oral

presentation

Srinivasan, R., Ward R.M., and Svaren, J. Loss of corepressor function in prostate cancer alters targeting of
the Nucleosome Remodeling and Deacetylase Complex. Poster Presentation. U.S. Department of Defense,
Innovative Minds in Prostate Cancer Today (IMPACT) Meeting, 2007. Proceedings, p. 262.

Techniques developed in this collaborative project with Dr. David Jarrard has lead to a new collaborative
research proposal, “Dietary Influences on Prostate Aging in the Mouse”, recently submitted as part of the
renewal of the O’Brien Urology Research Center at UW, titled "Mechanisms for Acquired Changes in Prostate
Growth Regulation”, which was submitted earlier this year.

Srinivasan, R., Ward, R.M., and Svaren, J. Loss of NAB2 function in prostate cancer alters targeting of the
Nucleosome Remodeling and Deacetylase Complex, manuscript in preparation

CONCLUSION:

One of the major unexplored frontiers in understanding altered gene expression in prostate cancer is
the elucidation of epigenetic effects caused by chromatin remodeling machinery. Advances in this area have
already lead to clinical trials using entirely new strategies employing histone deacetylase (HDAC) inhibitors to
treat some types of cancer (Drummond et al., 2004; Zelent et al., 2004). One of the principal complexes
targeted in such strategies is the NuRD (Nucleosome Remodeling and Deacetylase) complex, which contains
two molecules of histone deacetylases as integral components. Although initial results from such studies are
promising, drugs that inhibit histone deacetylases could have manifold effects, not all of which may ultimately
be beneficiary. In order to refine therapies of this type, it will be necessary to probe how various chromatin
remodeling complexes are altered in prostate cancer and how they might be affected by drugs that inhibit
histone deacetylases.

In conclusion, we have accomplished the major tasks outlined in the proposal that we submitted. First
of all, we have now demonstrated that several endogenous target genes are functionally repressed by NAB
corepressors in prostate cells, and this repression is dependent on the activity of the NuURD chromatin
remodeling complex, consistent with our recently described interaction of NAB2 with the CHD4 subunit of the
NuRD complex. Furthermore, this interaction has been independently tested by determining that NAB
repression of specific EGR1 target genes is dependent on histone deacetylase activity, presumably derived
from the HDAC1 and HDAC2 subunits of the NuURD complex. To establish the mechanism of these effects on
the transcriptional templates, we have successfully coupled expression analysis with novel chromatin
immunoprecipitation assays that demonstrate binding of EGR1 and components of the NuRD complex to
regulatory regions of EGR1 target genes .

Given recent work that NAB2 expression is lost in a majority of human prostate cancer samples
(Abdulkadir et al., 2001), presumably through hypermethylation of the NAB2 promoter (Bastian et al., 2006). It
is important to understand the functional consequences of losing this potentially growth-regulatory pathway.
This may enable therapeutic approaches to either restore NAB2 function in some manner to restore the
balance of EGR1-regulated target genes. Given a wealth of evidence indicating that EGR1 is an important
regulator of prostate carcinogenesis, this molecular information will illuminate its role and pinpoint biochemical
steps that can be targeted to prevent and treat prostate cancer.
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Abstract for Annual Meeting of the American Association of Cancer Research

The NAB2 corepressor targets the NURD chromatin remodeling complex to EGR1 target genes in prostate.
Rajini Srinivasan, Rebecca M. Ward, and John Svaren
Department of Comparative Biosciences, University of Wisconsin-Madison

The goal of these studies is to determine how loss of the NAB2 (NGF1-A binding protein 2) corepressor in
prostate cancer affects gene regulation and chromatin structure of EGR1 (Early growth Response) target
genes. EGR1 is a transcription factor that is overexpressed in prostate cancer and progression of prostate
cancer in mouse models is severely compromised in the absence of EGR1. NAB corepressors directly interact
with EGR1 and are important regulators of EGR1 activity. Interestingly, while EGR1 is overexpressed in
prostate cancer, NAB2 expression is low or absent in majority of prostate cancer samples, including both PIN
(Prostate Intraepithelial Neoplasia) lesions and metastases. The role of EGR1 in prostate cancer progression
is complex as it regulates both pro-proliferative genes, as well as genes involved in apoptotic/senescence
pathways. Our analysis indicates that loss of NAB2 expression alters the balance of EGR1 target genes in
favor of activation of genes involved in growth promotion. Moreover, we have recently shown that NAB2
represses EGR target genes through its association with Chromodomain Helicase DNA Binding Protein 4
(CHD4), which is a component of the Nucleosome Remodeling and Deacetylase (NURD) complex. The NuRD
complex is one of the major histone deacetylase (HDAC)-containing complexes in the nucleus and also
incorporates Metastasis-Associated Factor 1/2 (MTA1/2) as integral components. Using microarray and
chromatin immunoprecipitation analyses, we have identified NAB-regulated target genes in prostate cell lines
and demonstrated that EGR1, NAB2 and subunits of the NuRD complex are directly recruited to several target
promoters. Many of the same genes are also derepressed by exposure to histone deacetylase inhibitors,
indicating that the HDAC subunits of the NuRD complex play an important role in NAB regulation. Overall,
these data indicate that loss of NAB2 results in failure to target the repressive NURD complex to specific EGR1
target genes in prostate cancer cells.

This work was supported by a grant from the Department of Defense Prostate Cancer Research Program.
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Abstract for: Srinivasan, R., Ward R.M., and Svaren, J. Loss of corepressor function in prostate cancer
alters targeting of the Nucleosome Remodeling and Deacetylase Complex. Poster Presentation. U.S.
Department of Defense, Innovative Minds in Prostate Cancer Today (IMPACT) Meeting, 2007. Proceedings,
p. 262.

The goal of these studies is to determine how the NURD chromatin remodeling complex alters gene expression
in prostate by affecting regulation and chromatin structure of Early Growth Response 1 (EGR1) target genes.
EGR1 is a transcription factor that is overexpressed in prostate cancer (1) and progression of prostate cancer
in mouse models is severely compromised in the absence of EGR1. NAB corepressors directly interact with
EGR1 and are important regulators of EGR1 activity (5). Interestingly, while EGR1 is overexpressed in prostate
cancer, NAB2 expression is low or absent in majority of prostate cancer samples (2). The role of EGR1 in
prostate cancer progression is complex as it regulates both pro-proliferative genes, as well as genes involved
in apoptotic/senescence pathways.

Our analysis indicates that loss of NAB2 expression alters the balance of EGR1 target genes in favor of
activation of genes involved in growth promotion. Moreover, we have recently shown that NAB2 represses
EGR target genes through its association with Chromodomain Helicase DNA Binding Protein 4 (CHD4), which
is a component of the Nucleosome Remodeling and Deacetylase (NURD) complex (6). The NuRD complex is
one of the major histone deacetylase (HDAC)-containing complexes in the nucleus and also incorporates
Metastasis-Associated Factor 1/2 (MTA1/2) as integral components. Using microarray and chromatin
immunoprecipitation analyses, we have identified NAB-regulated target genes in prostate cell lines and
demonstrated that EGR1, NAB2 and subunits of the NuRD complex are directly recruited to several target
promoters. Many of the same genes are also derepressed by exposure to histone deacetylase inhibitors,
indicating that the HDAC subunits of the NuRD complex play an important role in NAB regulation. Overall,
these data indicate that loss of NAB2 results in failure to target the repressive NURD complex to specific EGR1
target genes in prostate cancer cells.
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Early growth response (EGR) transactivators act as critical regu-
lators of several physiological processes, including peripheral nerve
myelination and progression of prostate cancer. The NAB1 and
NAB2 (NGFI-A/EGR1-binding protein) transcriptional corepres-
sors directly interact with three EGR family members (Egr1/NGFI-
A/zif268, Egr2/Krox20, and Egr3) and repress activation of their
target promoters. To understand the molecular mechanisms under-
lying NAB repression, we found that EGR activity is modulated by at
least two repression domains within NAB2, one of which uniquely
requires interaction with the CHD4 (chromodomain helicase DNA-
binding protein 4) subunit of the NuRD (nucleosome remodeling
and deacetylase) chromatin remodeling complex. Both NAB pro-
teins can bind either CHD3 or CHD4, indicating that the interac-
tion is conserved among these two protein families. Furthermore,
we show that repression of the endogenous Rad gene by NAB2
involves interaction with CHD4 and demonstrate colocalization of
NAB2 and CHD4 on the Rad promoter in myelinating Schwann
cells. Finally, we show that interaction with CHD4 is regulated by
alternative splicing of the NAB2 mRNA.

By virtue of their ability to regulate the early growth response (EGR)?
family of transactivators, NAB (NGFI-A-binding protein) corepressors
play an important role in regulating inflammation, nervous system
function, and prostate cancer development. The NAB1 and NAB2 core-
pressors interact with a conserved domain found within Egrl (also
called NGFI-A/zif268), Egr2/Krox20, and Egr3 (1-3). The remaining
family member, Egr4/NGFI-C, shares substantial homology with other
EGR family members but lacks the NAB interaction domain and is
therefore resistant to NAB repression.

Members of the EGR family play diverse physiological roles, includ-
ing having both positive and negative effects on growth. For example,
Egrl null fibroblasts bypass senescence because of reduced expression
of the p53 gene (4). On the other hand, EGR1 overexpression is also
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involved in the development of prostate cancer (5, 6), as it regulates
several growth factor genes (7-10). The other EGR family member that
has been studied intensively is Egr2/Krox20. Targeted disruption of the
mouse Egr2 gene resulted in defects in hindbrain segmentation, bone
development, and peripheral nerve myelination by Schwann cells (11—
14). A number of Egr2 target genes in the hindbrain and Schwann cells
have been identified, including several Hox family members, EphA4,
and myelin-associated genes such as myelin protein zero and myelin
basic protein (13, 15-21).

Several experiments in various systems have established that NAB
corepressors are important regulators of EGR activity. NAB1 and NAB2
both repress EGR activation of several promoters (3, 22—-26). Interest-
ingly, although EGR1 is overexpressed in prostate cancer (5, 6), NAB2
expression is reduced in a majority of prostate cancer samples (27). This
observation is consistent with the idea that derepression of EGR1 activ-
ity is a progression factor in prostate cancer. The importance of NAB
regulation is underscored by the identification of a recessive mutation in
the NAB-binding domain of EGR2 (I1268N) in a family affected with an
inherited form of congenital hypomyelinating neuropathy (28, 29).
Congenital hypomyelinating neuropathy resembles the non-myelinat-
ing phenotype of the peripheral nervous system observed in Egr2/
Krox20-deficient mice (13). Similarly, a double knock-out of the NABI
and NAB2 genes causes early lethality and impaired myelination (30),
indicating that NAB corepressors are required for peripheral nerve
myelination.

Although diverse physiological data have demonstrated that NAB
corepressors play a critical role in regulation of EGR activity, the molec-
ular mechanism by which these corepressors act has remained elusive.
NABI and NAB2 share a high degree of homology (2) and are able to
homo- and heteromultimerize with each other (22). NAB1 and NAB2
are nuclear proteins, and they repress when tethered to active promot-
ers by fusion to a Gal4 DNA-binding domain (DBD) (31). Therefore, we
hypothesized that NAB proteins recruit other proteins in order to reg-
ulate EGR activity. We now show that the C-terminal domain of NAB2
interacts with the chromodomain helicase DNA-binding protein 4
(CHD4) subunit of the nucleosome remodeling and deacetylase
(NuRD) complex and that this interaction is required for repression by
this domain.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screen—The yeast two-hybrid screen (32) was per-
formed in the Molecular Interaction Facility, University of Wisconsin
Biotechnology Center. Mouse embryonic and brain libraries in pGAD-
T7Rec (BD Biosciences) were screened with a construct containing
amino acids 130-525 of the NAB2 protein fused to the GAL4 DNA-
binding domain in pBUTE (a kanamycin-resistant version of GAL4 bait
vector pGBDUC1). Approximately 18 million clones were screened via
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mating in yeast strain PJ694. After isolation of prey plasmids from pos-
itive pools, 18 plasmids were positive after retransformation into the
bait-containing strain. Of these, two contained clones of mouse CHD4.

Plasmids—Segments of the CHD4 (containing amino acids 1281—
1915) and CHD3-(A1-1311) genes were cloned in-frame with an N-ter-
minal 3X FLAG epitope in the pcDNA3.1 vector (Invitrogen). Human
HA-NAB2 (containing amino acids 34 —525) was generated by intro-
ducing a C-terminal HA epitope. Deletion of amino acids 251 to 353 in
HA-NAB2 was used to create NAB2ANCD2 (NCD1+CID), and
NAB2ACID (NCD1+NCD2) lacks amino acids 386 —525. The last 18
amino acids are excluded in the construct NAB2A507-525. The CID
construct consists of amino acids 357-525, including the nuclear local-
ization sequence to permit nuclear translocation. For NAB2 constructs
lacking NCD1, translation initiation occurred at Met-141. A naturally
occurring splice variant of NAB2 lacks amino acids 426 —489 (exon 6 of
NAB?2). The indicated NAB2 segments were fused to the Gal4 DBD in
pM1 (33).

The altered specificity version of Egr2 was generated by mutagenesis
of the second zinc finger from SRSDHLTTHIR to SQSVHLQSHSR, as
described for Egrl (34). The corresponding reporter plasmid was cre-
ated by inserting nine repeats of an altered EGR2 binding site (GCGT-
GAGCQG) into the pGL2 vector (Promega) containing the adenovirus
E1B TATA element. For mammalian two-hybrid experiments, amino
acids 1281-1915 of CHD4 were fused to the Gal4 DNA-binding domain
in the pM1 vector. The NAB2VP16 construct was created by fusing the
VP16 activation domain to the C terminus of NAB2, as described for the
NAB1-VP16 construct (31). Constructs for NABIANCD1-(A2-210),
the luciferase reporter containing the thymidine kinase promoter with
five upstream Gal4 binding sites, and the Gal4 reporter containing a
minimal TATA element have been described previously (31).

Coimmunoprecipitation Analysis—QT6 (Qualil fibroblast) or 293T
cells were cultured as described previously (35), plated at a density of
5 X 10° cells/ml, and transfected using LT-1 (Mirus) transfection rea-
gent according to manufacturer’s protocol. Bluescript plasmid (Strat-
agene) was included as needed to make a total of 2 ug/well/6-well plate.
After 48 h, cells were washed once in phosphate-buffered saline and
extracted with lysis buffer containing 6% glycerol, 20 mm Tris, pH 7.5, 5
mM MgCl,, 0.1% Nonidet P-40, and 200 mm NaCl, with the addition of
Complete Mini protease inhibitors (Roche Applied Science) for 10 min
at room temperature. The lysates were centrifuged at 10,000 X g for 15
min at 4° C. 50 ul (or 200 ul; see Fig. 2C) of the supernatant was mixed
with 25 ul of anti-HA rat monoclonal affinity matrix (Roche Applied
Science) in lysis buffer containing 100 mm NaCl (final concentration).
After incubation for 2 h at room temperature on a rocking platform, the
matrix was washed five times with 250 ul of binding buffer. The recip-
rocal immunoprecipitation used M2 anti-FLAG-agarose beads (Sigma)
according to the manufacturer’s recommendations. After the final
wash, proteins were eluted by boiling for 2 min in 1X Laemmli buffer
prior to immunoblotting using antibodies directed against the FLAG
epitope (M2, Sigma), HA epitope (rat monoclonal from Roche Applied
Science or rabbit polyclonal from Sigma), or CHD3/4 (BD Biosciences
611846). Other antibodies used were: a-tubulin (Santa Cruz sc-5546),
CHD3/4 (Santa Cruz sc-11378), and Egr2 (Covance PRB236P). Mem-
branes were incubated with peroxidase-conjugated secondary antibod-
ies (Jackson ImmunoResearch Laboratories) and detected using West
Pico or West Dura chemiluminescence detection reagents (Pierce).

Cell Culture and Transfections—For reporter assays, JEG3 cells
(human trophoblast cell line) were cultured in minimal essential
medium supplemented with 5% bovine growth serum. Transfections
were carried out in duplicate in 12-well plates seeded with 3 X 10*
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cells/well. Unless otherwise indicated, cells were transfected with 250 ng
of the indicated luciferase reporter plasmid, 100 ng of a LacZ reporter
driven by a cytomegalovirus promoter, the indicated expression plas-
mids, and pBluescript as required to make a total of 1 ug of DNA/well
using LT-1 transfection reagent (Mirus). After 48 h, cells were har-
vested, and the level of luciferase activity was measured and normalized
to B-galactosidase activity, which was measured using the GalactoLight
Plus kit (Applied Biosystems).

A custom SMARTpool mixture of four short interfering RNAs (siRNAs)
directed against human CHD4 and the control siRNA (siCONTROL non-
targeting siRNA 1) were purchased from Dharmacon. JEG3 or 293 cells
were transfected with 62.5 pm siRNA using Lipofectamine 2000 as recom-
mended by the manufacturer (Invitrogen). For reporter assays in the pres-
ence of siRNA, JEG3 cells were simultaneously transfected with siRNA and
the plasmids described above using Lipofectamine 2000. Luciferase and
B-galactosidase assays were then carried out 48 h later as described above.

Primary rat Schwann cells were cultured and infected as described
(19) using recombinant adenoviruses prepared using the AdEasy system
(36). After 48 h, purified RNA was analyzed by quantitative RT-PCR
using SYBR Green dye as described (8) on a TagMan 7000 sequence
detection system (Applied Biosystems). Relative amounts of the human
and rat RAD genes were determined using the Comparative Ct method
(37) and normalized to the relative levels of 18 S rRNA. Primer
sequences are available upon request.

PCR—Primers flanking the exon 6 region of NAB2 (GGTTGGAGAA-
CAGAGTCACAATGA and GGCAGCGGTCCAGCAA) were used to
amplify the full-length and alternately spliced forms of NAB2 from cDNA
prepared from various mouse tissues.

Chromatin Immunoprecipitation Assays—All experiments were per-
formed in strict accordance with experimental protocols approved by
the University of Wisconsin School of Veterinary Medicine. After
euthanasia of Sprague-Dawley rat pups at postnatal day 11 (P11), sciatic
nerves were dissected (pooled from seven pups) and immediately
minced in phosphate-buffered saline containing 1% formaldehyde for
25 min at room temperature. Nerves were washed in phosphate-buff-
ered saline, resuspended in 150 mm NaCl, 10% glycerol, 50 mm Tris, pH
8.0 (with a 1:1000 dilution of Sigma protease inhibitor mixture), and
homogenized using the Tissue Tearor (biospec). Triton X-100 was
added to 0.3%, and the lysate was sonicated in the presence of 100 mg of
glass beads, alternating 10-s pulses with 50 s of cooling for a total of 20
min. Sonicated chromatin (containing 300 ug of protein as determined
by the Bio-Rad protein assay) was used for each immunoprecipitation,
and 10% of this amount was saved as an input. Lysates were incubated
with 2 ug of anti-Egr2/Krox20 (Covance), anti-Nab2 (Santa Cruz), anti-
CHD3/4 rabbit polyclonal (Santa Cruz sc-11378), or normal rabbit IgG
(Upstate) control antibody. Immune complexes were collected with 25
ul of a protein G-agarose slurry (Pierce) blocked with herring sperm
DNA (Fisher) and 0.5 mg of bovine serum albumin. Beads were washed
in low salt buffer (0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20 mM Tris
8.1, 150 mMm NaCl) and high salt buffer (same buffer containing 500 mm
NacCl) followed by 0.25 m LiCl, 1% IGEPAL, 1% deoxycholic acid, 1 mm
EDTA, 10 mm Tris, pH 8.1. All buffers contained a 1:1000 dilution of
Sigma Protease inhibitor mixture. Complexes were eluted with 1% SDS,
0.1 M NaHCO,, and 200 mMm NaCl. Cross-links were reversed by heating
at 65 °C for 5 h, and DNA was purified using the QIAquick PCR purifi-
cation kit (Qiagen). Quantitative PCR was performed on the same sam-
plesin duplicate. Values are expressed as percent recovery relative to the
input DNA. Sequence analysis of the Rad gene identified potential Egr2
sites conforming to the previously defined consensus Egr2 binding site
(38). Primers used for analysis are: Rad -1470, ACCCCCACCACAGT-
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FIGURE 1. The NAB2 repression domain interacts with CHD4. A, the NAB2 diagram shows two domains that share high homology with NAB1 (NAB conserved domains). NCDT1,
NCD2, and the nuclear localization sequence (NLS) encompass amino acids 34-129, 245-356, and 361-379, respectively. A segment of NAB2 encompassing the repression domain
(amino acids 130-525) was used to screen mouse brain and embryo libraries, and the yeast two-hybrid screen identified two independent clones containing the C-terminal end of
CHD4 (beginning at amino acids 1281 and 1290, respectively). The CHD4 diagram indicates the conserved chromodomains, PHD zinc finger, and ATPase domains. B, for the
mammalian two-hybrid assay, JEG3 cells were transfected with a luciferase reporter (containing five Gal4 binding sites) along with 40 ng of CHD4A1-1280 tethered to the Gal4
DNA-binding domain in pM1 vector and/or 40 ng NAB2 fused to the VP16 activation domain, as indicated. As negative controls, cells were transfected with pM1 alone (Gal4) and
NAB2. Results are normalized to the luciferase activity of the reporter plasmid alone. Means = S.D. of two replicate experiments are shown. C, QT6 cells were transfected with 1 ug of
3X FLAG-tagged CHD4A1-1280 and/or 1 ug of HA-NAB2 as indicated. Lysates of the transfected cells were prepared and immunoprecipitated with anti-HA. Inmunoprecipitates
were immunoblotted with an anti-FLAG antibody to assess interaction (top panel). The Input lanes represent 4% of the amount of lysate used for the immunoprecipitation, and all
lanes are from the same exposure. As a control, inputs (40% of total) and immunoprecipitates were also immunoblotted with anti-HA rabbit polyclonal antibody (bottom panel). All
lanes are taken from the same exposure. D, the same lysates as in C were analyzed by immunoprecipitating CHD4A1-1280 with anti-FLAG antibody. Immunoprecipitates were
immunoblotted with anti-HA antibody to assess interaction. The Input lane represents 40% of the amount of lysate used in the immunoprecipitation, and all lanes are from the same

exposure.

CATTGT and CTTTGGGACAGGAACTTGCTCT; Rad —130, GGG-
TAAGGGCTGGTAGAGGTTT and CGCTGGATCGCGGTTCT;
IMG2a, GAAATTCTGCCCTGCACTTCC and GCTTTGCATTG-
AGGGAGGATC.

RESULTS

CHD4 Interacts with NAB2—NAB1 and NAB2 contain two highly
conserved domains called NAB conserved domains 1 and 2 (NCD1 and
NCD2). NCD1 is necessary for interaction with EGR proteins and is also
required for multimerization of NAB proteins (2, 22). Repression by
NABI was shown to require NCD?2 as well as other regions near the C
terminus (31). To identify interacting proteins that might mediate
repression by NAB2, we employed a yeast two-hybrid screen of mouse
brain and embryonic libraries for proteins that interact with amino
acids 130525 of NAB2. This screen identified two independent clones
of a C-terminal portion of CHD4 (Fig. 1A). CHD4 is an ATP-dependent,
nucleosome remodeling subunit of the NuRD complex, which has been
shown to repress promoters to which it is targeted (reviewed in Refs.
39-41). None of the other interacting clones encoded NuRD subunits.

Additional evidence for NAB2/CHD4 interaction was provided by a
mammalian two-hybrid analysis (Fig. 1B), in which the CHD4 C termi-
nus was fused to the Gal4 DBD and NAB2 was fused to the VP16 acti-
vation domain. Cotransfection of these two constructs with a luciferase
reporter containing Gal4 binding sites resulted in a significant increase
in luciferase activity compared with transfection of either construct
alone. The potential interaction between CHD4 and NAB2 was tested
independently i vivo using a coimmunoprecipitation assay with epitope-
tagged versions of NAB2 and the CHD4 C terminus (CHD4A1-1280). The
CHD4 construct was immunoprecipitated by the anti-HA antibody only in
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the presence of the HA-tagged NAB2 (Fig. 1C). Conversely, co-immu-
noprecipitation of NAB2 by anti-FLAG was dependent on expression of
FLAG-tagged CHD4 (Fig. 1D).

Identification of the CHD4-interacting Domain of NAB2—Deletion
analysis of NAB1 implicated the NCD2 domain and the extreme C
terminus in transcriptional repression (31). Based on these studies, HA-
tagged versions of NAB2 were generated that contained a deletion of the
NCD2 domain, the C terminus (amino acids 386 —525), or the C-termi-
nal 18 amino acids (Fig. 2A4). To eliminate the possibility that any of
these proteins might interact indirectly with CHD4 as a result of mul-
timerizing with endogenous NAB proteins, the NCD1 domain was
deleted from these constructs. Interestingly, analysis of these mutant
proteins revealed that the NCD2 domain was not essential for interac-
tion with CHD4 (Fig. 2B). Deletion of the 18 amino acids at the C
terminus of the NAB2 protein also failed to disrupt interaction with
CHD4. However, removal of amino acids 386 —525 of the NAB2 protein
prevented interaction with CHD4. Furthermore, expression of amino
acids 386 -525, together with the nuclear localization signal, was suffi-
cient for interaction with CHD4. This C-terminal region of NAB2 was
therefore designated as the CID (CHD4-interacting domain). We also
tested whether NAB2 could interact with endogenous CHD4 by trans-
fecting cells with the indicated NAB2 constructs in the absence of trans-
fected CHD4. After immunoprecipitation of NAB2 with anti-HA, we
were able to detect associated CHD3/CHD4, which was not observed
using a NAB2 construct in which the CID was deleted (Fig. 2C).

NAB/CHD Interaction Is Conserved among Family Members—The
antibody used in the endogenous assay in Fig. 2C detects both CHD3
and CHD4. CHD4 shares several regions of homology with CHD3,
including not only the ATPase, PHD, and chromodomains but also
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FIGURE 2. Identification of CHD4-interacting domain of NAB2. A, each of the indi-
cated NAB2 deletion constructs contained the HA epitope and the nuclear localization
sequence (NLS) to allow translocation into the nucleus. B, QT6 cells were transfected with
1 ug of each of the deletion constructs of NAB2 along with 1 pg of 3X FLAG-tagged
CHD4A1-1280 as indicated. Lysates were immunoprecipitated with anti-HA, and bound
proteins were immunoblotted with anti-FLAG antibody to test for interaction. Immuno-
blotting analysis with anti-FLAG (4% input) and anti-HA (40% input) confirmed that the
CHD4 and Nab2 constructs were expressed in the indicated lysates. All lanes within a
given panel were taken from the same exposure. C, 293T cells were transfected with 10
g of either HA-NAB2ANCD1 or HA-NAB2ANCD1ACID as indicated. Lysates were immu-
noprecipitated with anti-HA antibody, and CHD proteins were detected using an anti-
CHD3/4 antibody (top panel); Input lanes represent 35% of the protein in the immuno-
precipitation (/P) lanes. Inputs and immunoprecipitates were also probed with an
anti-HA antibody (bottom panel); Input lanes represent 17.5% of the protein in the immu-
noprecipitation lanes. All lanes within a given panel were taken from the same exposure.

other regions within the C terminus (42). In addition, CHD3 has been
found in NuRD-like complexes (43—45), suggesting that its molecular
role is at least partially redundant to that of CHD4. To test a potential
interaction of CHD3 with NAB2, a comparable portion of the C-termi-
nal domain of CHD3 (CHD3A1-1311) was epitope-tagged and found to
associate with NAB2 (Fig. 34) in a coimmunoprecipitation assay. In
addition, NAB1 and NAB2 share a considerable degree of homology,
and in functional assays, we have never observed any substantial differ-
ences in their ability to repress EGR-mediated transcription (2, 3). As
shown in Fig. 3B, NABI can also interact with CHD4, suggesting that
NABI and NAB2 share the capacity to repress transcription by inter-
acting with CHD3 and CHD4.

Disruption of NAB2 Function by Dominant Negative CHD4 Con-
structs—There have been several biochemical characterizations of mam-
malian NuRD complexes, but none of these studies has identified NAB2 as
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FIGURE 3. NAB and CHD family members share capacity for interaction. QT6 cells
were transfected as indicated with 1 pg of 3X FLAG-tagged CHD3A1-1311 and/or HA-
NAB2 (A) or 1 ug of 3X FLAG-tagged CHD4A1-1280 and/or 1 g of HA-NABTANCD1 (B).
Immunoprecipitations with the anti-HA antibody (/P) were blotted with an anti-FLAG
antibody. Expression of the indicated proteins in the lysates was confirmed by immuno-
blotting with anti-FLAG and anti-HA. Input lanes represent 4% (Flag panel) and 40% (HA
panel) of the amount of lysate used in the immunoprecipitation, and all lanes are from
the same exposure.

a stably associated subunit (43, 44, 46—48). Accordingly, the observed
coimmunoprecipitation of transfected NAB2 and CHD4 might reflect a
more transient association involved in NuRD recruitment to EGR target
genes rather than a stable complex. Therefore, we proceeded to test
whether endogenous CHD4 is a functional requirement for repression by
NAB2.

Dominant negative CHD4 mutants were used to test the involvement
of CHD4 in repression by NAB2. We tested whether expression of the
CHD4 C terminus (CHD4A1-1280) could interfere with NAB repres-
sion in a dominant negative manner, because it binds to NAB2 but lacks
the ATPase and other domains required for CHD4 function. In addi-
tion, we created a full-length dominant negative CHD4 protein by
mutating a conserved lysine (Lys-750) in the ATPase domain (referred
to as CHD4K750C). Analogous mutations have been successfully used
to create dominant negatives to study ATPase-dependent chromatin
remodeling complexes in yeast, Drosophila, and mammalian systems
(49 -51). A similar CHD4 mutant has been used to test the involvement
of CHD4 in repression of methylated DNA (52). As expected, the K750C
mutation did not affect the ability of CHD4 to associate with NAB2, as
assessed by coimmunoprecipitation (data not shown).

We evaluated the ability of the two CHD4 mutant constructs to affect
NAB2 repression using an Egr2-dependent reporter assay. To provide
an assay with sufficient dynamic range to study NAB repression of EGR
activity, we generated an altered specificity mutant of Egr2 (Alt. Egr2)
that is analogous to one described previously for Egrl (34). This mutant,
containing four point mutations in the second zinc finger, activates
through a variant EGR binding site that is not bound efficiently by
endogenous EGR proteins, allowing much greater activation of the
reporter. In this altered specificity system, NAB2 represses Egr2 activity
down to basal levels (Fig. 4). Cotransfection with either CHD4 mutant
partially alleviated this repression, suggesting that CHD4 is required for
repression by NAB2. Several controls tested the specificity of the
mutant CHD4 constructs. First, expression of wild type CHD4 had little
effect on repression. Second, the CHD4 mutants were also tested with
an Alt. Egr2 construct containing the 268N mutation, which abrogates
the ability of NAB proteins to bind and repress Egr2 activity (29). Impor-
tantly, expression of the mutant CHD4 constructs did not alter the
activity of Alt. Egr2 containing the 1268N mutation (data not shown),
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FIGURE 4. Dominant negative CHD4 constructs interfere with NAB2 repression.
JEG3 cells were transfected with an altered (Alt) Egr2 reporter (containing nine altered
Egr2 binding sites, GCGTGAGCG) and 20 ng of altered Egr2. Where indicated, cells were
transfected with 20 ng of wild type NAB2 and 200 ng of wild type (WT) CHD4,
CHD4K750C, or CHD4A1-1280 expression plasmids. Results are normalized to the lucif-
erase activity of the reporter plasmid alone. Means *+ S.D. of two replicates are shown.
Immunoblotting was carried out on the other set of replicates to confirm expression of
transfected constructs. For each antibody, all lanes are from the same gel and exposure.

indicating that the derepression of Egr2 activity caused by mutant
CHD#4 proteins is NAB-dependent. Finally, expression of the mutant
constructs did not alter reporter activity in the absence of Egr2 (data not
shown), and therefore we concluded that both CHD4 mutants specifi-
cally affect NAB repression in a dominant negative manner.

Blotting of lysates from cells transfected in parallel indicated that the
CHD4 constructs did not affect expression levels of Egr2 or NAB2. Inter-
estingly, we have consistently observed that expression of the CHD4 C
terminus (A1-1280) lowers the expression level of endogenous CHD4. One
potential cause could be displacement of endogenous CHD4 from the
NuRD complex, rendering it more labile.

Identification of Two Independent Repression Domains in NAB2—The
results of the deletion analysis of Fig. 2 were somewhat unexpected,
because NCD2, a highly conserved domain in NAB1 and NAB2, was not
required for interaction with CHD4. However, these data were consist-
ent with the previous deletion analysis of NAB1, which suggests that
repression by NAB1 cannot be attributed solely to NCD2, as other
C-terminal regions of NAB1 are involved (31). We tested the possibility
that there are at least two independent repression domains within
NAB?2 by fusing either the NCD2 or the CID with the Gal4 DBD. These
constructs were tested for their ability to repress the thymidine kinase
promoter containing upstream Gal4 binding sites. As shown in Fig. 5,
the NCD2 of NAB2 does repress, consistent with previous analysis of
NABI (38), and the isolated CID can also repress the thymidine kinase
promoter. The Gal4 DBD alone or the CID without the Gal4 DBD failed
to repress the promoter. These data indicate that there are at least two
separable repression domains in NAB2, one of which encompasses the
CHD#4 interaction domain.

CHD4 Is Required for Repression Mediated by the CID of NAB2—To
test the idea that repression by the C-terminal domain of NAB2

JUNE 2, 2006+ VOLUME 281+NUMBER 22

NAB Proteins Interact with CHD4

140
120
£ 100
>
=
£ 80
©
[0}
K 60
8
S 40
.}
20
0
-  Gal4 Gal4 Gald CID Gal4
NCD2 NCD2 cID
+CID

FIGURE 5. NAB2 has two independent repression domains. JEG3 cells were trans-
fected with a luciferase reporter plasmid driven by a constitutively active thymidine
kinase promoter containing Gal4 sites together with 100 ng of one of the indicated
constructs tethered to the Gal4 DBD.NCD2+CID contains amino acids 130-525 of NAB2,
NCD2 consists of amino acids 245-362, and CID contains amino acids 357-525. The
unfused CID and the Gal4 DBD were included as negative controls. The luciferase activity
of the reporter alone was set at 100%. Means = S.D. of two replicates are shown.

uniquely requires CHD4, different NAB2 domains were tested for their
ability to repress in the presence of dominant negative CHD4 K750C
(Fig. 6A). To independently test the requirement for the NCD2 and the
CID, we utilized deletion constructs which contained NCD1 (for inter-
action with Egr2) along with either NCD2 (NCD1+NCD2) or CID
(NCD1+CID). Consistent with the analysis of Gal4 fusion constructs
(Fig. 5), NAB2 constructs containing either NCD2 or CID were still able
to repress transcription. Repression by the CID was alleviated by expres-
sion of CHD4K750C; however repression by NCD2 was unaffected by
expression of either CHD4K750C (Fig. 6A) or the CHD4 C terminus
(data not shown), indicating that CHD4 is uniquely required for repres-
sion by the CID of NAB2.

We independently tested this model by depleting endogenous CHD4
using siRNA. We assayed the ability of the CID to repress Alt. Egr2 by
transfecting the NAB2 CID-containing construct in the presence of
CHD4 siRNA. With siRNA-mediated depletion of endogenous CHD4,
NCD1+CID was unable to repress Alt. Egr2 activity (Fig. 6B). We tested
for nonspecific effects of the siRNA using several controls. First, a pool
of non-targeting siRNA had no effect on repression by the CID of NAB2.
Second, the CHD4 siRNA had no effect on repression by NCD1+NCD2
(data not shown). Finally, expression of mouse CHD4 was able to
restore repression by NCD1+CID in the presence of siRNA targeted
against human CHDA4. Interestingly, transfection of mouse CHD4 also
enhanced the ability of NCD1+CID to repress Egr2 activity. Therefore,
we conclude that repression by the C-terminal end of NAB2 is depend-
ent on its interaction with CHD4. The CHD4 siRNA had no effect on
repression by full-length NAB2 (data not shown), indicating that
repression by the two domains was redundant in this assay. In addition,
the lack of effect might be due to partial depletion of CHD4 levels by
siRNA.

Repression by the NAB2 CID Requires Histone Deacetylase Acti-
vity—The NuRD complex contains not only CHD4 but also the histone
deacetylases HDAC1 and HDAC2 (43, 44, 47). If the NAB2 CID
represses transcription through recruitment of CHD4, this would pre-
dict that the associated histone deacetylases in the NuRD complex are
required for the repression mechanism. To test for this requirement, we
repeated the repression assay in the presence of trichostatin A (TSA), an
inhibitor of histone deacetylase activity. As shown in Fig. 6C, repression
through the NAB2 CID is sensitive to the inhibitor, indicating that the
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HDAC subunits of the NuRD complex are also required by the CID. In
contrast, repression through the NCD2 domain does not require his-
tone deacetylase activity, which again functionally distinguishes the
repression mechanisms of NCD2 and CID. Repression by full-length
NAB?2 is not TSA-sensitive, indicating that repression by NCD2 com-
pensates for loss of repression through the CID in this assay.

CHD4 Is Required for Repression of an Endogenous Egr2 Target
Gene—Because CHD4 is part of a chromatin remodeling complex, we
also tested whether CHD4 is required for repression of an endogenous
EGR target gene. Previous work identified RAD (Ras-related gene asso-
ciated with diabetes) as an Egrl target gene (8), and this gene was also
shown to be up-regulated in Schwann cells from NAB1/NAB2 knock-

15134 JOURNAL OF BIOLOGICAL CHEMISTRY

out mice (30). Activation of the RAD gene by Egr2 in 293 cells was
repressed by the NAB2 construct containing the CID (NCD1+CID, Fig.
7A). Interestingly, repression by the CID could be augmented by
increased expression of CHD4. Again, use of the human CHD4 siRNA
abrogated repression by the CID of NAB2, but repression was restored
if mouse CHD4 was expressed in the presence of the siRNA. As an
additional control, we showed that the non-targeting siRNA had little
effect on repression by the CID. Furthermore, CHD4 siRNA signifi-
cantly depleted (but did not eliminate) CHD4 mRNA levels (Fig. 7B) and
did not affect CHD3 levels (data not shown). Moreover, an immuno-
blot using the CHD3/CHD4 antibody revealed that the total amount
of CHD protein is significantly decreased by addition of the CHD4
siRNA (Fig. 7B), which is consistent with previous reports indicating
that CHD4 is the predominant family member found in the NuRD
complex (44, 46, 53).

Analysis of NAB1/NAB2 knock-out Schwann cells indicated that the
Rad gene is repressed by NAB proteins during peripheral nerve myeli-
nation (30). Therefore, we also assayed Rad expression in primary rat
Schwann cells. Because primary rat Schwann cells transfect very ineffi-
ciently, recombinant adenoviruses were used to express Egr2 and dom-
inant negative NAB2, which eliminates the function of both NAB1 and
NAB2 (22). Activation of endogenous Rad expression by Egr2 is
enhanced by dominant negative NAB2, confirming that it is a NAB-
regulated gene (Fig. 7C). Importantly, a similar derepression of Rad
activation by Egr2 is observed with expression of dominant negative
CHD4A1-1280 (Fig. 7D), indicating that repression of Rad expression
by endogenous NAB proteins is at least partially dependent upon
CHD4. Moreover, activation of Rad expression by Egr2 is also enhanced
by TSA (Fig. 7E), which is consistent with previous data showing that
repression through the CID is HDAC-dependent.

CHD# Binds to an Egr2 Binding Site in the Rad Promoter—To test
whether the effect of CHD4 on NAB repression was mediated directly
on the Rad promoter, chromatin immunoprecipitation assays were
used to determine whether these proteins are found colocalized with
Egr2 on the Rad promoter. We recently adapted this technique to assay
binding of Egr2 in myelinating sciatic nerve (21), composed of >80%
Schwann cells. The P11 time point was chosen because it coincides with
the peak of active myelination, and Egr2 and NAB proteins are maxi-
mally induced by this time point (54). Freshly dissected sciatic nerves
from P11 rat pups were treated with formaldehyde to achieve cross-
linking. Chromatin was then sonicated and immunoprecipitated with
antibodies directed against Egr2, NAB2, CHD4, or IgG control. After
reversing the cross-links, purified DNA was analyzed by quantitative
PCR using primers designed to particular regions within the Rad locus.

Sequence analysis identified potential Egr2 binding sites at —130 and
—1470 of the Rad promoter. However, the chromatin immunoprecipi-
tation assay revealed that Egr2 is enriched at —130 but not at —1470
(Fig. 8), suggesting that the —130 site is the true Egr2 binding site. The
results also show occupancy of both NAB2 and CHD#4 at this proximal
site. There is no enrichment of either protein on the —1100 bp site or
the control IMG2a promoter compared with the control immunopre-
cipitation. Taken together, these data indicate that NAB2 and CHD4
colocalize to an Egr2 binding site 90 bp upstream of the start site within
the Rad promoter, where they interact to repress transcription.

Interaction of NAB2 with CHD4 Is Regulated by Alternative Splic-
ing—Characterization of the NAB2 gene identified a splice variant that
lacks exon 6 (55). Loss of exon 6 causes an in-frame deletion of a con-
siderable portion of the CHD4-interacting domain (amino acids 426 —
489). We first determined that a similar alternative splicing occurs in
several mouse tissues, using an RT-PCR assay (Fig. 94) with primers
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duplicate measurements of two replicate experiments. The immunoblot shows lysates of 293 cells transfected with either non-targeting siRNA or siRNA (62.5 pm) directed against
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CHD4A1-1280 in the presence or absence of the AdEgr2 virus. In E, Schwann cells were infected with adenovirus for 24 h, after which 1 um TSA was added for another 24 h. GFP,

green fluorescent protein.

tate with NAB2Aexon6. We also tested whether the splice variant of

9 -130 bp NAB2 requires CHD4 activity and found that repression by this form of
0.5/ B-1470 bp NAB2 was unaffected by the dominant negative CHD4K750C (Fig. 9C).
HiMG2a ™ Therefore, we have concluded that alternative splicing of NAB2 creates
> 041 a CHD4-independent form of NAB2.
(]
8 0.3
g DISCUSSION
* 0.24 These results have uncovered a novel mechanism of NAB2 repres-
sion involving CHD4, which has been implicated in repression by other
0.11 transcriptional repressors such as hunchback, Tramtrack69, KAPI,
0 mi. ' D_- . D_. . Dl Ikaros, Aiolos, and FOG1 (45, 53, 56 —59). Interestingly, several of these
algG aEgr2 aNAB2 «CHD4 corepressors also interact with the C-terminal regions of CHD4, CHD3,

FIGURE 8. In vivo recruitment of NAB2 and CHD4 to Egr2 binding sites in the Rad
promoter. Cross-linked chromatin was prepared from sciatic nerves of P11 rat pups and
immunoprecipitated with antibodies for Egr2, Nab2, CHD3/4, or rabbit IgG (as a negative
control). Purified DNA was then analyzed by quantitative PCR using primer sets targeted
at potential Egr2 binding sites at —130 and — 1470 relative to the Rad transcription start
site. Occupancy is expressed as the amount of DNA recovered relative to the input sam-
ple. IMG2a, control immunoglobulin G2a promoter. The results are representative of
three independent experiments.

flanking exon 6. In addition, several EST (expressed sequence tag)
sequences corresponding to this alternatively spliced form have been
identified in human sciatic nerve and mouse thymus and neurospheres
(GenBank™ BQ956141, Al117547, and CX201479, respectively). We
tested the ability of the NAB2 splice variant to interact with CHD4 (Fig.
9B). Although the expression level of NAB2Aexon6 was somewhat
higher than that of wild type NAB2, CHD4 did not coimmunoprecipi-
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and dMi2. CHD4 is an integral component of the NuRD complex, which
represses transcription using both histone deacetylation and nucleo-
some mobilization. Both NAB1 and NAB2 interact with CHD4, and
NAB2 also associates with the closely related protein CHD3, which has
been identified as a component of NuRD-like complexes (43—45). The
evolutionary conservation of the CHD/NAB interaction highlights the
importance of this interaction for NAB repression. The mechanism of
NAB repression is somewhat similar to that of the KAP1 corepressor,
which interacts with the KRAB domain found in a large number of zinc
finger proteins (but not in EGR proteins). A tandem PHD finger/bro-
modomain within KAP1 represses transcription by interacting with the
CHD3 subunit of a NuRD-like complex (45). One significant difference
in our study is that NAB2 interacts with both CHD3 and CHD4,
whereas KAP1 interacts only with CHD3 (45).
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FIGURE 9. Interaction of NAB2 with CHD4 is regulated by alternative splicing. A,
diagram of the NAB2 protein indicating the portion (amino acids 426 -489) coded by
exon 6 of the NAB2 gene. The short arrows indicate primers used to detect alternative
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type form givesrise to a 350-bp fragment, and loss of exon 6 results in a 150-bp fragment.
B, QT6 cells were transfected as indicated with 1 ug of 3X FLAG-tagged CHD4A1-1280
along with 1 ug of either NAB2ANCD1 or a similar NAB2 construct lacking exon 6. After
immunoprecipitation of lysates with anti-HA antibody (a-HA co-IP), interaction with CHD
proteins was assayed by immunoblotting with an anti-FLAG antibody. Input lanes repre-
sent 40% (HA panel) and 24% (Flag panel) of the amount of lysate used in the immuno-
precipitation; all lanes are from the same exposure. C, JEG3 cells were transfected with
altered (Alt.) Egr2 reporter, 20 ng of altered Egr2, and 20 ng of either NAB2 or
NAB2Aexon6. The indicated samples were cotransfected with 200 ng of CHD4K750C,
wild type (WT) CHD4, or control vector (CMVSport6). Results are normalized to the lucif-
erase activity of the reporter plasmid alone. Means = S.D. of two replicate experiments
are shown.

Although several independent experiments show that repression by
NAB2 CID requires CHD4, it should be noted that the NAB/CHD4
interaction is sensitive to CHD4 expression levels, because repression
by the CID can be further enhanced by exogenous expression of CHD4
(Figs. 6B and 7A). Therefore, the NAB/CHD4 interaction may be a
relatively weak one that facilitates NuRD recruitment to NAB-regulated
promoters, which subsequently would be stabilized by the intrinsic
affinity of the NuRD complex for nucleosomes (60). Accordingly, NAB
proteins have not been biochemically defined as integral subunits of
mammalian NuRD complexes (43, 44, 46 —48), which may also reflect
that they are substoichiometric compared with the abundance of CHD4
and other NuRD subunits.

Our data demonstrate that NAB2 has at least two independent
repression domains. The repression mechanisms of these two domains
can be distinguished because repression by the CID is uniquely affected
by: (a) dominant negative forms of CHD4, (b) siRNA directed against
CHD4, and (c) inhibition of histone deacetylase activity. The mecha-
nism by which NCD2 represses transcription remains uncharacterized,
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FIGURE 10. Proposed model for the mechanism of NAB repression. NAB proteins
interact as a multimer with the NAB-binding domain of EGR proteins. The CID, C-terminal
domain of NAB proteins, can recruit the NuRD complex via direct interactions with the
C-terminal domain of CHD4 (or CHD3). NCD2 is an independent repression domain that
exerts its effect through an as yet undefined mechanism thatis HDAC-independent. NAB
multimerization allows simultaneous recruitment of NuRD and other repressive com-
plexes to a single EGR binding site.

although NCD2 bears some homology with the Dr1/NC2p transcrip-
tional repressor (31). It was somewhat unexpected to find that NAB2
has two potentially redundant repression mechanisms, although several
other repressors (e.g FOG1, KAP1) also exhibit multimodal repression
(45, 53).

As a result of this redundancy, the presence of NCD2 compensated
for the loss of CHD4 repression in our transfection assays. However, we
anticipate that endogenous NAB-regulated promoters specifically
require either one or both mechanisms. Indeed, we did observe loss of
NAB repression of the endogenous Rad gene in Schwann cells express-
ing dominant negative CHD4, indicating that endogenous CHD4 levels
play an important role in regulation of the genomic Rad locus. Further-
more, the in vivo chromatin immunoprecipitation assays showed that
NAB2 and CHD4 are specifically localized on an Egr2 binding site in the
Rad promoter.

The identification of two repression domains within NAB2 has
important consequences regarding the mechanism by which NAB pro-
teins regulate EGR target promoters. Although multimerization is not
required for interaction with CHD4, the multimerization status of NAB
proteins, mediated by NCD1 (22), increases the diversity of complexes
that can be recruited through a single EGR binding site. Our proposed
model in Fig. 10 indicates that one subunit of a NAB multimer could
recruit the NuRD complex, whereas the other subunit might augment
repression through interaction of proteins with NCD2. Second, it is
expected that differential recruitment of chromatin remodeling com-
plexes at different EGR target promoters could significantly alter NAB
activity. For example, NAB proteins do not repress all EGR target pro-
moters equally, and in at least two promoters, NAB proteins can even
augment EGR-mediated transcription (3). In this regard, it is interesting
that recent evidence has suggested that CHD4 may also have positive
effects on gene regulation, depending on the promoter context (61, 62).
Finally, alternative splicing of NAB2 mRNA could alter regulation of
EGR target genes by preventing recruitment of CHD4.

There are several physiological contexts in which the NAB/CHD
connection may play an important role, including development of pros-
tate cancer (27) and regulation of cardiac hypertrophy (63). Further-
more, recent evidence has shown that interaction of NAB corepressors
with Egr2 is required for peripheral nerve myelination (28 —30). Inter-
estingly, microarray profiling has shown that CHD4 is expressed at a
very high level during active myelination of peripheral nerve (54), con-
sistent with its interaction with NAB2 in regulation of EGR2 activity.
Future work will be directed toward understanding the scope and mech-
anism of NAB function in these contexts.
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